The naturally acquired immunity is one of the models of immunity that is exploited for malaria antigens discovery.
INTRODUCTION
Malaria still remains a major public health problem worldwide. There were an estimated 219 million cases and 435,000 related deaths due to malaria in 2017 [1] . To date no licensed malaria vaccine is available. The increasing resistance of P. falciparum to the common antimalarial drugs and the resistance of the malaria vectors to usual insecticides is stressing the urgent need of an effective malaria vaccine [2, 3] . The Naturally Acquired Immunity (NAI) developed in people naturally exposed to malaria parasites in the endemic area is one of the models of immunity which is exploited for malaria vaccine antigens discovery [4] . So far most of the seroepidemiological studies which aimed to discover malaria vaccines were focused on a limited number of wellknown antigens of malaria parasites. They also employed traditional methods of screening such as ELISA that are laborintensive and time-consuming. The complete sequencing of the genome of the most virulent malaria parasite Plasmodium falciparum [5] and the availability of high throughput techniques such as protein microarray offers the ability to screen a large panel of malaria antigens and to faster the identification of potential target antigens that could undergo clinical development as potential malaria vaccines candidates. Several studies have used protein microarrays of recombinant proteins to explore the NAI with the aim to discover new malaria potential vaccines [6] [7] [8] [9] [10] . The high Adenine and Thymine (AT) composition of the Plasmodium falciparum genome makes the production of its recombinant proteins challenging. Moreover, the purification of Plasmodium recombinant proteins is also a limiting factor. They can also yield some folding and solubility problems. Moreover, these proteins are most of the time polymorphic.
Synthetic peptides with alpha helicoidal coiled-coil motifs have some interesting features such as the lack of folding problems, the ease of purification. They also don't have any solubility issues [11] .
We, therefore, propose to use the high throughput protein microarrays of Plasmodium falciparum synthetic peptides to explore the naturally acquired immunity developed in people across ethnic groups and age range living in a malaria-endemic area.
MATERIALS and METHODS

Ethical statement
The samples used in our study are part of a seroepidemiological study which received approval from the Ethical committees of the Health ministry of Burkina Faso (deliberation N° 2007-48) and the University of Oxford. The study volunteers or their guardians gave written informed consent for participation.
Study site and samples collection
The study was carried out in 4 rural villages of Burkina Faso, Northeast (Barkoundouba and Barkoumbilen) and East (Bassy and Zanga) of Ouagadougou, the capital city.
The study site has been already described elsewhere [12] . Plasma samples were obtained from children and adults belonging to 3 sympatric ethnic groups (Mossi, Fulani, and Rimaïbé). For the negative controls, the plasma samples were obtained from Italian malaria-naive volunteers.
Hemoglobin genotyping
The method used for hemoglobin genotyping was already described elsewhere [12] . Briefly, genomic DNA was extracted from whole blood using the Nucleon BACC2 kit. The rs334 (A →HbA/T → HbS) and rs33930165 (G → HbA/A → HbC) SNPs at the HBB locus were genotyped using the Sequenom MassArray System [13] .
Plasmodium falciparum antigens
We used microarrays containing in total 92 Plasmodium falciparum synthetic peptides of which 88 were a-helical coiledcoil segments and 4 well known synthetic malaria antigens (MSP3, MSP2-3D7, (NANP)10 and P27A) as positive controls ( Supplementary Table 1 ), [11] and unpublished results). The bioinformatic screening and the chemical synthesis procedure are described elsewhere [11] .
Protein microarray immunoassay
Manufacturing of the microarrays: For microarrays construction, the synthetic peptides were resuspended in PBS 1 X to a concentration of 300 µg/mL. Peptides were printed to aldehyde -derivatized glass microscope slides (CEL Associates, Houston, TX, USA) using computer-controlled high-speed robotics (Microgrid II Biorobotics®. Genomic Solutions Ltd. Huntingdon. Cambridgeshire. the UK). The solutions of antigens were transferred from 384-well microtiter plates (Greiner bio-one. the USA) onto glass slides by using stainless steel solid pins of 200 µm of diameter.
The microarrays consist of 16 × 16 matrices that included: (i) the P. falciparum antigens printed in two replicates; (ii) HSA as negative controls; (iii) An anti-mouse IgG and Human purified IgG as signal controls; (iv) PBS used as carry-over controls (blanks).
The printing of the peptides was performed inside the printer cabinet at a temperature (22°C-24°C) and humidity (45%-55%). Printed slides were kept overnight inside the printing cabinet before removal in order to optimize the peptides binding. Slides were subsequently kept in boxes at room temperature in the presence of silica gel bags.
Immunoassay: Printed slides were incubated for 1 hour at room temperature with a blocking buffer (PBS 1X, BSA 2%) in order to prevent no specific binding. A hydrophobic pen (ImmEdgeTM PEN. Vector Laboratories Inc., Burlingame, USA) was used to delimit each array prior to the blocking step in order to contain reagents and samples within arrays areas and prevent cross-contamination. After the incubation step, slides were washed with washing buffer (PBS 1X, Tween 20 at 0.01%) in order to remove unbound material.
Plasma samples were diluted at 1:100 in a dilution buffer (PBS 2X, BSA 2%, Tween 20 at 0.01 %) and 50 µl of the diluted sample were allowed to react with each area for 1 hour at room temperature. Slides were washed with washing buffer to remove no specific material. To reveal IgG bound to the printed peptides, the slides were incubated 20 minutes at room temperature with Alexa 647-labeled goat anti-human IgG secondary antibody (SouthernBiotech) at a concentration of 10 µg/mL. Unbound secondary antibody was removed by washing with the washing buffer. Then, the slides were dried by centrifugation at 3000 rpm for 1 minute prior to the detection of the fluorescence. All the plasma samples were tested in double.
Detection and quantification of array components fluorescence:
The fluorescents signal from the slides were read at 633 nm by using a ScanArray Gx Scanner (Perkin-Elmer, Cambridge, UK). The fluorescent signal from each array component was visualized in a pseudocolor scale corresponding to increasing fluorescence (from dark-blue; blue; green; red to white).
Images generated are saved as JPEG and TIF files. JPEG files were used for signal visualization. TIF files were used for signal quantification with the ScanArrayExpressTM software (Perkin-Elmer).
Treatment of microarray data and statistical analysis
Quantified array signals were analyzed using Excel (Microsoft). Measurements for each spot were corrected against the internal PBS negative control to identify signals above background. Four replicate measurements were calculated for each antigen. Negative or Zero values after the background subtraction were assigned a net value of 0. The data were normalized before statistical analysis was performed.
To determine the positive reactivity cut-off of a sample to a given antigen. We calculated the mean from the 20 Italian negative controls. A sample was reactive if the intensity of the antigenbounded IgG was above the upper limit of the confidence interval of the mean of the negative control.
The statistical analysis of the data was performed using Microsoft Excel and STATA software (Version 11.0, College Station, TX: StataCorp; 2011).
The cut-off value of a positive reactivity was defined for each antigen. A sample reactivity to a given peptide was positive when the reactivity is above the upper limit of the confidence interval of the mean of the Italian negative controls. A classical t-test of the hypothesis was used for means comparisons across distinct groups.
A p-value<0.05 was considered as the threshold for the statistical significance of hypothesis tests.
RESULTS
Characteristics of study participants
Plasma samples were obtained during a cross-sectional study carried out in August 2007, from 1113 naturally exposed individuals to malaria in Burkina Faso. Samples from 20 Italians malaria naïve individuals served as negative controls. The characteristics of the study participants are described in Table 1 . 
Prevalence and intensity of the positive antibody reactivity among the study population
The prevalence of positive reaction to all the peptides and intensity of IgG response are shown in Supplementary Table 2 .
Influence of age on antigens reactivity an antibody intensity
We found that the number of recognized peptides, as well as the level of IgG, was lower in children under 5 compared to the other age group. Then, we also investigated the total amount of total IgG to all of the recognized peptides in children and adults. As expected, the total amount of IgG was higher in adults compared to children. Figure 1 shows the breadth of recognized peptides and the intensity of IgG response in the different age groups. The average number of recognized peptides in adults and children were respectively 65 and 59 and the difference between the two groups was statistically significant (p<0.0001). The same finding was observed concerning the level of IgG antibody with adults having the highest level of antibody (p<0.0001).
The peptides with a positive IgG prevalence greater than 50% and intensity ratio greater than 5 were selected. In total 36 antigens comprising the well-known antigens (MSP3, MSP2_3D7, (NANP)10 and 27A [14] were selected and the influence of age on the specific IgG antibody response to each of those antigens was investigated. There was statistically a significant difference between the IgG antibody response to 33 antigens between adults and children with a higher response in adults. The results are shown in Table 2 . 
Influence of the ethnicity on antigens reactivity and antibody intensity
We found that the total number of recognized peptides was higher in Fulani compared to mossi and Rimaibé ethnic groups. The same finding was observed about the total amount of IgG to reactive peptides.
The results related to the influence of the ethnicity on antibody reactivity profile and intensity are shown in Figure 2 . When categorizing our study population in Fulani and non-Fulani, we observed that the Fulani recognized a higher number of peptides (65) compared with non-Fulani (59) the difference was statistically significant (<0.0001). The IgG level was also higher in Fulani than in the non-Fulani group (<0.0001). The specific IgG response to each of the 36 most reactive peptides was also assessed. Of the 36 peptides, the IgG antibody response to 32 peptides was statically different between Fulani and the other sympatric ethnic groups with a higher response in Fulani. The results of this comparison are shown in Table 3 . 
Influence of the hemoglobin type and gender on antigens reactivity and antibody intensity
The average number of recognized peptides was similar (62) in volunteers with hemoglobin AA and non-AA (p=0,6439). The same finding was observed concerning the total amount of IgG between the two groups (p=0,3448).
Concerning the specific IgG response to the most reactive peptides; there was not statistically a significant difference between hemoglobin AA carriers and non-AA to 32 of the most reactive peptides. The results related to the influence of hemoglobin type and sex on peptides reactivity and the IgG level are shown in Figures 3 and 4 . The influence of hemoglobin on the specific IgG antibody response to each of the 36 most reactive antigens is reported in Table 4 while Table 5 reports the comparison of Ig response between male and female. 
Kinetics of the IgG antibody response acquisition to the top 5 most reactive alpha-helical coiled coil segments
The concomitant influence of age and ethnicity was also investigated to explore the trend of the acquisition of the antibody response over time and between ethnic groups. For this purpose, we have selected the 5 most reactive alpha-helical coiled coil segments and MSP2 as control as shown in Figure 5 . Our findings showed that the acquisition of the antibody increase over time for both Fulani and non-Fulani individuals.
In the Fulani group, the maximum of IgG response was observed in people whose age was between 15 and 20 years old for some antigens such as MR261A, MR282, LR150B, and MSP2. For the same antigens, the maximum of IgG in non-Fulani individuals was observed in people older than 40 years old.
DISCUSSION
In this study, we investigated the influence of age, ethnicity, hemoglobin type and sex on the acquisition of immunity to Plasmodium falciparum alpha-helical coiled-coil proteins segments in populations living in a malaria-endemic area. The knowledge of the influence of those factors on the acquisition of immunity against malaria is essential in the selection of Plasmodium antigens as potential malaria vaccine candidates. We have used protein microarrays technology, a high throughput immunoassay that gives the possibility to screen in parallel many antigens in a single experiment. Some previous studies conducted in the same communities, which were involved in our studies, showed the influence of some factors such as age and ethnicity on the acquisition of the immunity against some malaria antigens. In our study, in addition to age and ethnicity, we have investigated whether the hemoglobin type and also the gender are factors that influence the acquisition of immunity in our study population.
The data obtained from our study demonstrate that the breadth and the magnitude of the IgG antibody responses to Plasmodium falciparum alpha-helical coiled coil antigens were higher in adults compared to adolescents and children. These findings confirm the results obtained with other malaria antigens that age has an influence in the acquisition of immunity in populations living in a malaria-endemic area. Previous studies showed that there is a positive correlation between age and the acquisition of immunity to malaria in people living in endemic areas [6] [7] [8] .
With regard to the influence of the ethnicity on the acquisition of the immunity, our study shows that among the 3 ethnic populations, the Fulani group appears to have the highest number of recognized antigens and also the highest intensity of IgG antibodies compared to Mossi and Rimaibe confirming previous findings [15, 16] . Additional studies conducted in Mali also showed that the Fulani was more responders than other sympatric ethnic populations [17, 18] .
Genetic studies based on some classical genes that confer resistance to malaria were explored to understand the high response of Fulani compared to the sympatric ethnic groups. The findings of that study showed that the Fulani groups had a low prevalence of these genes compared to the sympatric groups [19, 20] . More recently, a study conducted in the same communities showed that transcriptional changes were observed in Fulani and could explain the lower susceptibility to malaria infection of this group compared to that of other populations [20] . We have also investigated the influence of hemoglobin in the acquisition of the immunity to the antigens used in our study. Several studies showed evidence related to the role of hemoglobin S and C in the protection against severe and uncomplicated malaria [21, 22] . The role of hemoglobin S and C has already shown in the protection against malaria infection [12] .
To investigate the influence of hemoglobin S and C on the acquisition of acquired immunity, the study populations were categorized in 2 groups: the group of volunteers whose hemoglobin genotype was AA and the group of volunteers with a least one allele of abnormal hemoglobin (AS, AC, CC, and SC) considered as non-AA. We found that in general hemoglobin type did not influence the breadth and the magnitude of IgG antibody in our study population except for MSP2_3D7 and (NANP)10. A study conducted in Mali showed that the hemoglobin type did not influence the antibody responses [23] . One hypothesis is that HbAS and HbAC accelerate the acquisition of immunity to malaria, possibly by enhancing Plasmodium falciparum-specific antibody responses. However, in that study, protein microarray data showed that there were no significant differences in antibody profiles between normal and sickle-cell trait. Another study conducted in Burkina Faso has shown that the naturally acquired antibody response to some malaria antigens was higher in hemoglobin S and C carriers [24] . We also investigated whether the acquisition of immunity is influenced by gender. For this purpose, we have compared the average number of recognized antigens and also the intensity of the IgG antibody in male and female groups. We found that neither the breadth nor the intensity of the IgG antibody response was influenced by gender. We selected the peptides with the most positive reactivity prevalence and good intensity and determine the influence of the factors mentioned above in the acquisition of antigen-specific IgG antibody response. In general, for most of them, the influence of age and ethnicity are confirmed but not for hemoglobin type and sex. Taking into account the same antigens, people from the Fulani group seem to reach earlier the maximum of IgG response to antigens compared with the individuals of the non-Fulani group.
CONCLUSION
The findings from this study confirm that a high throughput protein microarrays immunoassay is applicable to Plasmodium falciparum alpha-helical coiled-coil proteins segments to explore the naturally acquired immunity for the discovery of new malaria antigens. Age and ethnicity are found to influence the IgG antibody reactivity and intensity to the proteins tested.
Other factors such as hemoglobin type and sex did not have a significant influence on the acquired IgG antibody reactivity and intensity. These findings should be considered in any strategy for new antigen related to alpha-helical coiled coil protein segments discovery for a potential vaccine clinical development.
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